Abstract. Nonlinear energy harvesters have attracted wide research attentions to achieve broadband performances in recent years. Nonlinear structures have multiple solutions in certain frequency region that contains high-energy and low-energy orbits. It is effectively the frequency region of capturing a high-energy orbit that determines the broadband performance. Thus, maintaining large-amplitude high-energy-orbit oscillations is highly desired. In this paper, a voltage impulse perturbation approach based on negative resistance is applied to trigger high-energy-orbit responses of piezoelectric nonlinear energy harvesters. First, the mechanism of the voltage impulse perturbation and the implementation of the synthetic negative resistance circuit are discussed in detail. Subsequently, numerical simulation and experiment are conducted and the results demonstrate that the high-energy-orbit oscillations can be triggered by the voltage impulse perturbation method for both monostable and bistable configurations given various scenarios. It is revealed that the perturbation levels required to trigger and maintain high-energy-orbit oscillations are different for various excitation frequencies in the region where multiple solutions exist. The higher gain in voltage output when high-energy-orbit oscillations are captured is accompanied with the demand of a higher voltage impulse perturbation level.
Introduction
With the advances in low-power electronics, numerous research efforts have been devoted to designing energy harvesters as alternative power sources for wireless sensor networks. Harvesting untapped vibrational energy from environment becomes a sustainable energy-autonomous solution for applications such as environmental monitoring, structural health monitoring, remote surveillance, wildlife tracing, etc. Nonlinear vibration-based energy harvesters (VEHs) have been extensively explored in recent years aiming at addressing the limited bandwidth of conventional linear VEHs around their natural frequencies. Duffing oscillator, a well-known oscillator in the context of nonlinear dynamics, has been widely analyzed and experimented for vibration energy harvesting [1] [2] [3] [4] [5] [6] [7] . The nonlinearity of such oscillators can be introduced by magnetic interaction or geometric nonlinearity. For magnetic interaction induced nonlinearity, the potential function shapes and the associated nonlinear forces can be controlled by proper magnet arrangements. According to a e-mail: lanchunbo1991@mail.nwpu.edu.cn different potential function shapes, Duffing-type VEHs can be designed to be monostable [7, 8] , bistable [1] [2] [3] [4] , tri-stable [9] [10] [11] and even more complex multi-stable configurations [12, 13] . In the monostable configurations, a larger frequency response bandwidth is covered with a "deflected" resonant peak. In the bistable or tri-stable configurations, multiple stable solutions were obtained by harmonic balance analysis [14] [15] [16] . For bistable configurations, the high-energy solution is referred to as the steady inter-well oscillations (oscillations across potential wells), while the low-energy solution as the steady intra-well oscillations (oscillations inside one potential well). Both simulation, theoretical analysis and experimental investigations on bistable energy harvesters in the literatures [17] [18] [19] [20] [21] [22] showed that inter-well oscillations and stochastic resonance significantly outperform in terms of root-meansquare (RMS) voltage output. It has also been known that Duffing-type VEHs exhibited a wider bandwidth only if they could capture and maintain the high-energy orbit (high-energy solution branch) in their multi-solution regions [23] . The magnetic interaction induced nonlinearity is also introduced to the multiple degree-of-freedom (DOF) energy harvesters to increase the operational
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The European Physical Journal Applied Physics bandwidth. Internal resonance [24] [25] [26] [27] is a very interesting phenomenon observed in these 2-DOF nonlinear PEH and has become a promising way for broadband vibration energy harvesting. Chen et al. [24] found its frequencyamplitude curve has two peaks bending to the left and right respectively and the multiple solutions coexisted near the resonance peaks. These investigations suggested that only when the nonlinear VEHs were working in highenergy-orbit oscillations, they could achieve wideband and high output power.
Although high-energy-orbit oscillations of aforementioned nonlinear VEHs have the capability of broadband energy harvesting, they may veer to the low-energy-orbit oscillations subject to initial conditions or disturbances. In particular, when they are driven under low-level excitations, these nonlinear VEHs are more likely to stay in the low-energy orbit according to their basins of attraction. Erturk and Inman [20] demonstrated that a mechanical shock to the system could stimulate the bistable harvester to oscillate in the high-energy orbit when it was in intrawell or chaotic oscillations. A similar method of utilizing the additional impact to trigger high-energy-orbit oscillations has been applied to bistable and tri-stable VEHs by Zhou et al. [28] . Results indicated that such a mechanical impact method is more workable in the bistable VEH. From simulations and experiments [29] [30] [31] , it was found that a fast burst perturbation (FBP) applied to the piezoelectric element may induce the jump from lowenergy solution to high-energy solution. Consequently, a huge gain can be expected in output power. The main advantage of FBP method is that it can be easily achieved by circuit design without adding extra mechanical structures, which makes it more promising in practical application. Masuda et al. [32] and Sato et al. [33] developed a self-excited control method by utilizing a negative resistance circuit to maintain high-energy orbit in a monostable electromagnetic VEH. Simulation results showed that self-excited vibrations induced by the negative resistance could destabilize the low-energy oscillation and drive the electromagnetic harvester to jump onto the highenergy orbit over the whole region where multiple solutions exist. The successful utilization of this method in the monostable electromagnetic VEH gives a favorable inspiration for applying it for the piezoelectric VEHs with more complex nonlinearity. Meanwhile, to control the oscillations in nonlinear systems, various advanced methods have been developed, such as non-feedback control, feedback control and stochastic control methods [34] . As a typical non-feedback control method, the pulse perturbation method has been utilized in many systems and its feasibility has been validated by experiments [35] . It is preferred to the other methods in the vibration energy harvesting due to its ease of implementation.
In this paper, we explore the voltage impulse perturbation (VIP) method, which can be categorized to non-feedback control, to trigger and maintain high-energyorbit oscillations of nonlinear piezoelectric VEHs. This method is based on negative resistance concept for piezoelectric VEHs and its feasibility is examined in both monostable and bistable configurations. The VIP is generated based on a negative resistance circuit and the mechanism and implementation is discussed. Both numerical simulation and experiment show that the perturbation generated by VIP is dependent on the voltage input in the negative resistance circuit. The level of impulse voltage input is not a concern in electromagnetic VEH as the electromagnetic VEH has a low voltage output to overcome to achieve negative resistance. However, this is really an issue for the piezoelectric VEH as its much higher voltage output needs to be overcome to trigger perturbation. Given sufficient VIP, the high-energy orbit can be triggered and maintained for both monostable and bistable piezoelectric VEHs. The higher gain in voltage output is associated with the larger gap to be overcome between high-energy and low-energy solutions, which demands a higher level of VIP to trigger the high-energy-orbit oscillations.
Nonlinear energy harvester
The prototype of the nonlinear piezoelectric VEH is shown in Figure 1 . It consists of a piezoelectric bimorph cantilever beam with a tip mass carrying a permanent magnet, which interacts with another magnet held in the acrylic holder fixed to the clamp. The acrylic holder is threaded and movable, thus the magnetic interaction can be adjusted to achieve mono-stability and bi-stability by tuning the distance between the magnets.
The governing equations of such a nonlinear piezoelectric VEH when connected with a load resistance can be written as:
where m and c a represent the effective mass and mechanical damping, respectively. For the cantilever beam, the effective mass and stiffness can take the following forms [36] 
where ρA b and EI are the mass per unit length and bending stiffness of the cantilever beam, respectively, and L is the length of cantilever beam, M t is the tip mass. β M and β K are coefficients related to the dynamic mode shape and strain distribution of the cantilever beam, and they can be determined based on the energy conservation principle. The effective damping is then obtained by c a = 2ζω n m, where ζ is the damping ratio and ω n is the fundamental natural frequency; X and V are the displacement of the tip mass and output voltage across the load resistance R; Θ is the electromechanical coupling coefficient obtained by using the method in [37] ; C p is the capacitance of the piezoelectric bimorph; the overdot denotes a derivative with respect to time t; Z is the displacement of the base. α and β are the coefficient of nonlinear stiffness. The nonlinear force induced by the magnetic interaction is F mag = k a x+ k b x 3 , which can be obtained from the dipole-diploe model [1, 38] . The coefficients constant in vacuum, M = 0.164 Am 2 is the effect magnetic moments of the magnetic dipoles, D is the magnet distance. Hence, the linear stiffness −α = k 0 + k a and the cubic stiffness β = k b . Thus, as the magnets become close, the linear stiffness −α will decrease. Thus, as α < 0, β > 0, it is a monostable system; while it becomes a bistable system when α > 0, β > 0. Moreover, the cubic stiffness can also provide different nonlinearities. When β < 0, it provides hardening behavior for the nonlinear VEH; while softening behavior is maintained when β > 0.
Voltage impulse perturbation based on negative resistance
It is well known in the literature that for a linear piezoelectric energy harvester, the stiffness will be changed and positive electrical damping will be added by connecting a normal load resistor [39] . In this section, the effect of a load resistance on stiffness and damping for the monostable and bistable harvesters is first discussed. The mechanism and implementation of the negative resistance and the resulting perturbation are then presented followed by a parametric study.
Equivalent stiffness and damping with load resistance
Harmonic balance method is used to derive the equivalent stiffness and damping induced by the pure resistance in the nonlinear piezoelectric energy harvester. By introducing a harmonic base displacement Z = Z 0 cos(ωt), equation (1) is written as:
where A = −mZ 0 ω 2 is the magnitude of base acceleration. Assume the form of solution as:
Hence
Inserting equations (5)- (7) into equation (2) and nulling the coefficients of sin(ωt) and cos(ωt) yields:
From equation (8), the coefficients a 2 and b 2 can be solved in terms of a 1 and b 1 as:
Substituting equation (9) into (5), we obtain
Rearranging equation (10) yields:
Substituting equations (4) and (5) into (11) and eliminating a 1 and b 1 , we obtain:
. (12) Here, the constant term c depends on the characteristic of oscillations of energy harvesters. For the monostable configuration, c is zero. For bistable configuration, the constant term c is nonzero in the intra-well oscillation case, while c is zero in the inter-well oscillation case. Thus, the electromechanical coupling force in equation (1) can be expressed as:
Finally, based on equation (13), we find that the effect of circuit on the vibration system is to change the
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From equation (14), we find that the equivalent stiffness K AC and equivalent damping c AC induced by the circuit depend on the external excitation frequency ω, the load resistance R, the capacitance of the piezoelectric element C p and the electromechanical coupling Θ. We also note that the expressions of K AC and c AC are independent of the vibration systems, that is, the change of stiffness and damping are the same to linear, monostable or bistable piezoelectric VEH. However, different systems (monostable or bistable configurations) have different sensitivities to the change of stiffness and damping. As a result, the interface circuit may impose different influences in terms of bandwidth and output power on different VEHs.
Negative resistance circuit and voltage impulse perturbation

Negative resistance circuit
In the electronics context, negative resistance is a property of certain electrical circuits or devices in which an increase in voltage across the device results in a decrease in current through it. This is in contrast to an ordinary resistor in which an increase of applied voltage causes a proportional increase in current, resulting in a positive resistance. In practical applications, negative impedance converter (NIC) [40] is widely used to achieve negative resistance. The detailed circuit design of NIC is shown in Figure 2a . The negative resistance can be designed by tuning resistors R 1 , R 2 and R 3 in the NIC circuit. The equivalent resistance of the NIC circuit can be expressed as:
where
V s is the voltage of the power supply for the operational amplifier (op-amp) and V is the voltage across the piezoelectric element. When |V | ≤ V limit , the voltage at node a (V a ) is equal to V . Thus, the current through R 1 is V /R 1 , and the op-amp output
The current I flowing from the op-amp output through resistor R 3 toward the piezoelectric element voltage V is proportional to V but opposing to V , that is,
. Hence, the circuit behaves as a resistor with negative resistance
Since the op-amp output voltage V b cannot exceed the voltage supplied to op-amp V s, there is a limit of voltage V limit for V . Beyond V limit , V b will become a constant voltage source which is equal to V s and the NIC circuit is equivalent to R 3 with the voltage source V s in series and connected to the piezoelectric element. One example is given in Figure 2b to illustrate the voltage-current characteristics of the NIC circuit. The resistances used are R 1 = 10 kΩ, R 2 = 1 kΩ, R 3 = 20 kΩ and V s = 30 V. Thus, the NIC circuit exhibits the negative resistance with R = −200 kΩ when V is in the range of [−27.27 V, 27.27 V]. Out of this range, the NIC circuit behaves as a normal positive resistor with R = 20 kΩ.
Voltage impulse perturbation
From Figure 2a , it is learned that when the NIC works as a negative resistance, the current is flowing into the piezoelectric element, providing an external excitation to the system. To ascertain the effect of negative resistance on the piezoelectric elements, the electromechanical coupling coefficient is set to be zero and the governing equation of the circuit (Eq. (2)) is simplified as:
The solution of equation (16) is:
The voltage response of equation (16) is simulated for the positive and negative resistances. It is found that for the positive resistance (R = 200 kΩ), the voltage V will converge to zero. On the other hand, for the negative resistance (R = −200 kΩ), the voltage V will increase exponentially instead. It reaches to 27.7 V at 0.0578 s. In this case, the electric energy of piezoelectric element is quickly increased. This exponential voltage produced by the electric self-oscillation when the piezoelectric element is connected to negative resistance is named as the voltage impulse in this paper. We term the perturbation induced during the negative resistance stage as voltage impulse perturbation, or for short, VIP. The NIC circuit contains an op-amp, which needs an additional voltage supply V s . V limit determines the range of negative resistance and affects the perturbation induced. Since V s is related to V limit proportionally, as a result, V s is important to trigger the high-energy-orbit responses when we explore the negative resistance of the NIC circuit. The level of VIP is controlled by adjusting V s . On the other hand, the power supply V s consumes electrical energy. Fortunately, the duration of the voltage impulse is extremely brief and the power consumed by the NIC circuit is worthwhile considering the gain in output power after the harvester is triggered and maintained on the high-energy orbit. 
Effect of negative resistance on mechanical oscillator
Since the harvester is also under the harmonic base excitation during the negative resistance stage, the stiffness and damping of the harvester will change due to negative resistance. Thus, the effects of negative resistance on the stiffness change and damping modification are analyzed given the conditions of various excitation frequencies, electromechanical coupling coefficients and capacitances of piezoelectric elements. The system parameters are listed in Table 1 . From equation (14) , given the same absolute value, connecting a positive or negative resistance makes no difference for the induced equivalent stiffness. The resulting total stiffness change will provide a perturbation to the system in addition to the voltage impulse induced perturbation. However, its influence is negligible given weak coupling condition.
The total damping of the system can be expressed as:
where c total , c a and c AC are the total damping, mechanical damping and equivalent electrical damping induced by a load resistance (positive or negative) of the system, respectively. The positive resistance adds positive damping that suppresses vibrations; while the negative resistance results in a negative equivalent damping that reduces the total damping c total or even leads to a negative c total . As a result, during the negative resistance stage, the system also receives a perturbation due to the damping modification for a brief period of time (negative c total ) in addition to the voltage impulse induced perturbation. Figure 3a shows the relation between c total and a negative resistance R at the excitation frequency of 7 Hz. c total becomes negative when R is located in [−573 kΩ, −119 kΩ], which means that the nonlinear harvester executes self-excited oscillations. Figure 3b shows that the influence of negative R on c total can be quite different at different excitation frequencies. For example, when f = 21 Hz, the minimum value of c total is 0.01975 at R = −87 kΩ. In this case, the negative resistance just reduces the damping and c total is still positive. According to equation (14) , the magnitude of equivalent damping c AC induced by negative resistance will decrease when ω increases. Thus, c total increases with the increase of ω and can be always positive (e.g., ω = 14 Hz and 21 Hz), as shown in Figure 3b . Besides, the electromechanical coupling (Θ) coefficient and capacitance of piezoelectric (C p ) bimorph also have influences on the system's damping. Figure 3c shows the influence of Θ at the frequency of 7 Hz. It is noted that a larger Θ results in a larger equivalent electrical damping c AC and ensures a wider range of negative total damping c total . Figure 3d shows c total increases with the increase of C p , which leads to a narrower range of negative c total . However, it is worth mentioning that though the damping modification due to the negative resistance could apply a perturbation during the negative resistance stage given |V | V limit , this period is so brief that the effect of this perturbation is less important compared to the voltage impulse induced
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The European Physical Journal Applied Physics perturbation we discussed in Section 3.2.2. Generally speaking, the major contribution to orbit jump using the negative resistance circuit is the voltage impulse perturbation. Hence, in the simulations and experiments, we focus on the performance of VIP with varying VIP perturbation level on the monostable and bistable PEH by giving various V s .
Dynamic response simulation
To investigate the effect of negative resistance and VIP, the dynamic responses are simulated using Runge Kutta method in MATLAB. The system parameters for simulation are set to be the same as those obtained from the prototype in the experiment, as listed in Table 1 . The resistors used in the NIC circuit are: R 1 = 10 kΩ, R 2 = 1 kΩ, R 3 = 20 kΩ. Thus, the equivalent resistance can be calculated by equation (15) . Notably, it is the equivalent resistance that is applied in the Runge Kutta scheme since the op-amp is not possible to be simulated directly.
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Perturbation and transient response by VIP
The perturbation induced by the NIC circuit is analyzed without a base excitation applied to the harvester. In this section, the monostable piezoelectric VEH is taken for example. When the VEH is connected to a negative resistance (R = −200 kΩ) suddenly, the displacement and voltage across the piezoelectric element (V ) will increase due to the current flowing into the piezoelectric element. Once the piezoelectric element reaches V limit , the attached resistor will be switched back to a positive resistor R = 100 kΩ and the VEH will experience damped free vibrations and V will eventually reduce to zero. Two different voltage supplies are considered for op-amp (V s = 15 V and 30 V). Figure 4a shows the dynamic response of VEH after VIP is applied (i.e., R = −200 kΩ is used in simulation). It is noted that a larger V s will result in a higher level of perturbation. Similarly, in Figure 4b , the peak-to-peak voltage across the piezoelectric element in the first cycle after perturbation is 1.118 V with V s = 15 V, while it is almost doubled (2.247 V) with V s = 30 V. Clearly, the perturbation level can be controlled by adjusting V s . In the following sections, the energy harvesting performance of monostable and bistable harvesters with VIP applied at different levels will be examined.
VIP for monostable piezoelectric VEH
This section investigates the capability of VIP to stimulate high-energy-orbit oscillations for the monostable piezoelectric VEH under harmonic excitations. The parameters of the monostable VEH are shown in Table 1 .
First, a frequency sweep simulation is carried out to identify the region of the monostable VEH where multiple solutions exist. A chirp function is used with the acceleration (peak value) kept at 2 m/s 2 and a linear sweep rate of 0.02 Hz/s. Figure 5 shows the upward and downward sweep voltage responses. The multi-solution region is [13.25 Hz, 14.18 Hz] . If the oscillations are stimulated to jump from the low-energy orbit to the high-energy orbit in the multi-solution region, the efficiency of the VEH will be increased significantly. For example, the voltage outputs at low-energy and high-energy orbits are 5.59 V and 15.51 V, respectively when f = 13.5 Hz.
Based on the above sweep tests, we not only get the multi-solution region, but also the displacement of the harvester in this region. We then investigate the feasibility of using VIP to stimulate and maintain the highenergy-orbit oscillations at a few specific frequencies in the multi-solution region. First, a reference displacement x ref (slightly smaller than the displacement obtained from above sweep simulation) is set and will be used to judge whether the high-energy solution is achieved after VIP is applied. VIP is started to be applied at 150 s in the simulation. The voltage across the piezoelectric element increases immediately and once it reaches V limit , negative R is switched back to the normal positive R = 100 kΩ. If the resulting steady state displacement (normally takes 1-2 s to reach steady state) is larger than x ref , highenergy-orbit oscillations are regarded as achieved, and negative resistance will be completely switched off. If the resulting steady state displacement is smaller than x ref , VIP will be attempted constantly. If the simulation cannot trigger the high-energy-orbit solution by VIP by 400 s, the simulation stops the attempt and it is regarded as impossible to stimulate high-energy-orbit oscillations.
Figures 6a and 6b show the successful attempt to stimulate the monostable VEH to jump from low-energy orbit to high-energy orbit under the excitation of f = 13.3 Hz and A = 2 m/s 2 with V s = 15 V and 30 V. The peak voltage output is improved from 6.675 V to 14.99 V after highenergy-orbit is captured. Figure 7 shows the responses at a higher frequency of 13.5 Hz with VIP applied. It is noted that VIP fails to stimulate the high-energy-orbit oscillations after many times of perturbations for both V s = 15 V and 30 V. This is mainly because that the voltage gap ΔV between the high-and low-energy orbits is increased (Fig. 5) . As a result, the perturbation induced by the negative resistance with V s = 15 V and 30 V is not high enough to make the jump happen. To increase the perturbation induced by the negative resistance, the voltage supply V s is set to be 100 V and the attempt to capture high-energy orbit is successful as shown in Figure 7c . This implies that when the excitation frequency increases (but still within the multi-solution region), a larger V s is required to induce a larger perturbation to trigger high-energy-orbit oscillations. There exists a critical supply voltage (V synchronously. The level of impulse voltage supply is not a concern of applying the negative resistance method in electromagnetic VEH since it has lower voltage output that needs to be overcome. However, it is really an issue for piezoelectric VEH as the piezoelectric VEH generates a much higher voltage output. Though a higher supply voltage is required for a higher frequency, the more evident voltage improvement (larger ΔV ) after obtaining the high-energy orbit is worthwhile. Moreover, the position of applying this pulse perturbation is another critical factor that affect the orbit jump. Let the phase φ represents the control position. Then, the successful and unsuccessful perturbations of varying phase φ and power supply V s are depicted in Figure 8b . It is noted that when V s is very low (e.g., less than 75 V), the impulse perturbation is not capable of initiating the orbit jump no matter in what phase the perturbation applied. As V s increases to a certain level, the successful jump is obtained in some phases. Meanwhile, giving a larger V s means an increasing possibility of orbit jump. This characteristic agrees very well with our simulations and experiments.
VIP for bistable piezoelectric VEH
As compared to the monostable piezoelectric VEH, the bistable configuration has more complicated motions including intra-well, chaotic and steady inter-well oscillations (for short, inter-well oscillations). The intra-well and chaotic oscillations are not desired and the VEH needs to be stimulated to jump from them into interwell oscillations to enhance the output. In this section, the performance of VIP for bistable piezoelectric VEH is evaluated with various perturbation levels in terms of V s .
The bistable piezoelectric VEH has the parameters of nonlinear stiffness as shown in Table 1 . The chirp excitation applied is the same as that for monostable case, that is, A = 2 m/s 2 and a sweep rate of 0.02 Hz/s. Figure 9 shows the upward and downward sweep responses. Two multi-solution regions are observed, namely, [6 Hz, 7. 35 Hz] and [8.57 Hz, 11.84 Hz]. Intra-well, chaotic and inter-well oscillations may coexist in these regions.
Subsequently, we excite the bistable VEH at f = 7 Hz with A = 2 m/s 2 in the first multi-solution region. The bistable VEH will oscillate in a single well with zero initial values. After applying VIP with V s = 15 V at t = 150 s, the bistable VEH captures steady state oscillations between the two wells as shown in Figure 10 . The peak voltage after VIP applied is 8.15 V, improved from 2.1 V with intra-well oscillations. To figure out how long the high-energy and low-energy oscillations take to recover the energy consumed by the NIC circuit, the voltage responses and harvested energy are presented in Figures 10c  and 10d . The voltage perturbation is applied when t ∈ [150 s, 150.1 s]. Figure 10c shows that when t < 150 s, the bistable VEH is oscillating on the low-energy orbit with a relatively low output. As the voltage perturbation is applied, the harvested energy dips instantly. After that, the energy starts to recover and the energy accumulation becomes quicker since high-energy orbit is captured. Figure 10d indicates that the consumed energy by NIC circuit is equal to the harvested energy on lowenergy orbit in 2.87 s while it only takes 0.535 s for the system to recover this energy on high-energy orbit. Meanwhile, the output power of low-energy oscillation is only 0.02 mW while that of high-energy oscillation is 0.416 mW.
To further investigate the effect of perturbation level at various excitation frequencies, two different voltage supplies (V s = 15 V, 30 V) and four different excitation frequencies in the second multi-solution region (f = 9, 9.5, 10, 10.5 Hz) are chosen, respectively. Their dynamic responses are shown in Figure 11 . We know from Figure 4 that these two different V s will result in two different levels of perturbation. At f = 9 Hz and 9.5 Hz, both perturbations (V s = 15 V, 30 V) enable the bistable VEH to jump from the chaotic oscillations into inter-well oscillations easily. However, when f is increased to 10 Hz, the low-level perturbation (V s = 15 V) fails to stimulate the inter-well oscillations, while the high level one (V s = 30 V) can still work. When f is further increased to 10.5 Hz, both perturbation levels fail to stimulate the inter-well oscillations. These characteristics of bistable VEH are similar to that of monostable VEH. From Figure 9 , it is learned that the improved voltage ΔV increases with the increase of excitation frequency. A larger perturbation is needed accordingly to stimulate the inter-well oscillations when f is increased.
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Experimental validation
The experimental setup is shown in Figure 12 . Two cylindrical permanent magnets are used as a repulsive magnet pair. The properties of the magnets and the dimensions and derived lumped parameters of the prototype could be found in our previous work [38] . The magnet distances between the facing two surfaces are 11.2 mm and 10 mm respectively, representing typical monostable and bistable configurations. The linear and nonlinear stiffness of the system resulting from adding the magnetic interaction are listed in Table 1 . The base motion is provided by an electro-dynamic shaker (APS Dynamics, APS113) controlled by a vibration controller (Vibration Research, VR9500). The shaker excites the nonlinear VEH horizontally such that the influence of gravity can be ignored. Throughout the experiment, the peak acceleration is set to be 2 m/s 2 . A load resistance R = 100 kΩ is connected to the harvester and its voltage output is acquired by a DAQ module (National Instruments, NI 9229). A DC power supply is used in the experiments for op-amp (Fairchild, LM358N). It can generate a DC voltage with 15 V or 30 V. A mechanical switch is used to manually switch the piezoelectric output connection to the NIC circuit or the normal load resistance R = 100 kΩ. The resistors used in the NIC circuit are the same as those in the simulation in Section 4. Therefore, V limit and effective negative resistance are also consistent with those in the simulation. Moreover, since the resistance of the load produces an equivalent stiffness and damping to the nonlinear system, it indeed affects the dynamics and performance of nonlinear energy harvester. In a preliminary investigation on the effect of varying resistance on the performance of monostable VEH [38] , it is learned that as the resistance is close to the short circuit or open circuit, the output power is very low. The value of the load is chosen to be R = 100 kΩ, close to the optimal resistance, and relative large output can be maintained within a wide bandwidth (the prototype used in this paper is the same as that in reference [38] ).
When R is connected and the NIC circuit is disconnected, the voltage across R is the same as that across the piezoelectric element. While when we switch the piezoelectric connection to the NIC circuit and R is disconnected, there is no voltage measurement across R. Thus, the durations when zero voltage is observed in the experimental results in the following sections correspond to the disconnection of R.
Perturbation and transient response by VIP
Similar to the simulation in Section 4.1, to confirm that the NIC circuit can induce VIPs to the harvester, preliminary transient test is conducted for the monostable VEH without base excitation. After the NIC circuit is connected and then disconnected suddenly, the voltage response across the load resistance R is obtained for 
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The European Physical Journal Applied Physics different levels of V s . Figure 13a indicates that when the harvester is connected with the NIC circuit at t = 3.7 s, an impulse voltage close to V limit (13.64 V) is immediately induced. When the circuit is switched back to the positive load resistance, damped free vibration of the system is observed. Comparing the voltage amplitudes of the first cycle with two voltage supplies V s = 15 V and 30 V (Fig. 13) , we note that the induced voltage after VIP applied is ΔV = 0.657 V and 1.26 V, respectively. These characteristics confirm that a larger perturbation can be generated by a higher V s , similar to the conclusion from previous simulations. In the following sections, we compare the performances of monostable and bistable piezoelectric VEH after applying VIP with these two perturbation levels.
VIP for monostable piezoelectric VEH
In this section, the VIP is applied to the monostable piezoelectric VEH to test its performance. First, the multisolution region needs to be identified. Based on the upward and downward sweep results shown in Figure 14 , the multi-solution region is determined to be [13.4 Hz, 14.7 Hz], which is slightly different from simulation. Subsequently, we test the feasibility of VIP with two levels to stimulate the high-energy-orbit oscillations in the multi-solution rage. Two excitation frequencies of 13.5 Hz and 14 Hz are chosen. The peak acceleration is kept at A = 2 m/s 2 , same as that in simulation. Figure 15a shows that at f = 13.5 Hz, high-energyorbit oscillations are successfully induced and maintained after three VIP attempts with V s = 15 V. It is easier to achieve this by using a higher V s = 30 V (Fig. 15c) . The peak voltage is improved from 5.03 V (low-energy orbit) to 10.5 V (high-energy orbit). At f = 14 Hz (Figs. 15b and 15d) , for both V s = 15 V and 30 V, VIP fails to stimulate the high-energy-orbit oscillations after a great number of attempts. By calculating the difference value of voltage gap ΔV between the high-energy and lowenergy orbits, we find that ΔV is 5.87 V at f = 13.5 Hz and it is significantly increased to 9.23 V at f = 14 Hz (Fig. 14) . Though a larger voltage improvement (ΔV ) will be obtained at f = 14 Hz, the successful jump from low-energy to high-energy orbit needs a higher perturbation that is related to V s . Because of the limitation in the op-amp and DC power supply, higher voltage supply (such as 100 V) is not available to test.
VIP for bistable piezoelectric VEH
Experiment is carried out to further investigate the feasibility of VIP for bistable piezoelectric VEH. The magnet distance is adjusted to be D = 10 mm to obtain the bi-stability. Nonlinear parameters α and β are shown in Table 1 . The base acceleration is set to be A = 2 m/s 2 in these sine sweep tests, same as those in the simulation. First, the multi-solution regions are determined to be [6 Hz, 6.8 Hz] and [9 Hz, 12 Hz] by upward and downward sweeps as shown in Figure 16 . Subsequently, we excite the bistable VEH at f = 9 Hz in the multi-solution region. The bistable VEH is trapped in a single well with a peak voltage V = 3.6 V across load resistance R, as shown in Figure 17a . After applying VIP with V s = 15 V, the bistable VEH successfully jumps into an inter-well oscillation with a peak voltage V = 7.4 V. By given a different initial value, the bistable VEH can undertake chaotic oscillations at f = 9 Hz, as shown in Figure 17d . The voltage when bistable VEH experiences inter-well oscillations after VIP applied is 7.4 V, significantly improved compared to that of the chaotic motions. To further study the effect of perturbation level at various Figure 17 . For f = 9 Hz and 9.5 Hz, the jumps from the intra-well or chaotic oscillations into inter-well oscillations are successfully achieved by these two perturbations. However, when f is increased to 10 Hz, the low-level VIP (V s = 15 V) fails to maintain the inter-well motions, while the high-level perturbation (V s = 30 V) still works. When f is further increased to 10.5 Hz and 11 Hz, even the high
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The European Physical Journal Applied Physics perturbation levels (V s = 30 V) fail to stimulate the interwell oscillations after many attempts (Fig. 18 ). These experimental results are qualitatively consistent with what we found in the simulation. It is demonstrated that the successful jump from low-energy orbit to high-energy orbit by applying VIP remarkably increases the output voltage for bistable VEH. However, as the voltage gap between the two orbits (expected improved voltage) ΔV increases with a higher excitation frequency, a larger perturbation is required to stimulate the inter-well oscillations.
Conclusions
In this paper, a voltage impulse perturbation is investigated on its capability of stimulating high-energy-orbit oscillations for both monostable and bistable piezoelectric VEH within the region where multiple solutions exist.
The perturbation is generated base on a negative resistance circuit. Though the equivalent stiffness and the negative equivalent damping during the negative resistance stage affects the dynamics of the structure, it is mainly the voltage impulse generated by negative resistance circuit that produce a strong mechanical perturbation to the VEH structure through piezoelectric element. Such perturbation is applied to the nonlinear VEHs without additional mechanical components. The higher supply voltage V s will result in a larger mechanical perturbation. Then, the voltage impulse perturbation method is applied to both monostable and bistable piezoelectric VEHs. The effect of perturbation level is investigated. From the simulation and experiment, important conclusions are drawn: (1) it is feasible to use the proposed voltage impulse perturbation method to stimulate high-energy-orbit oscillations for both monostable and bistable piezoelectric VEH and therefore achieve higher outputs over a wide
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bandwidth; (2) it is revealed that the more improved output obtained after high-energy orbit is captured by VIP is accompanied with a demand of a higher level of voltage impulse perturbation.
